Corticotropin releasing factor receptor type II (CRF2) messenger ribonucleic acid levels in the hypothalamic ventromedial nucleus of the infant rat are reduced by maternal deprivation.
hybridization, maternally deprived pups had an average 62% reduction of VMH-CRF 2 -mRNA levels compared with stress-free controls. Maternal deprivation also resulted in elevated plasma corticosterone levels (3.8 ± 0.3 vs. 1.3 ± 0.1μg/dl) and an average 5.7% body weight loss. This study demonstrates that maternal deprivation, via fasting and HPA activation, leads to a dramatic decrease of CRF 2 -mRNA levels in the VMH. These results are consistent with a role for CRF 2 activation in mediating some of the complex interactions of CRF (or urocortin) with regulation of food intake in the developing rat.
CRF is the key mediator of the neuroendocrine response to stress (1) . Two major receptors activated by CRF have been characterized, type I (CRF 1 ) and type II (CRF 2 ) (2-5). The role of CRF 1 has been extensively investigated: This receptor is a primary mediator of the actions of CRF in the hormonal response to stress, resulting in ACTH release from the pituitary (1, 6) and the activation of this receptor in the amygdala is required for the anxiogenic effects of CRF (7) . However, the physiological roles of CRF 2 have not been fully defined (2) . Furthermore, the relative roles of the two receptor types in mediating certain actions of CRF, in particular the profound anorexia induced by the central administration of this peptide, have not been clarified. Recent evidence has suggested that CRF may decrease food intake via mechanisms including CRF 2 activation (8). This notion is supported by the actions of urocortin, a CRF related peptide with a higher binding affinity for CRF 2 , which has been found to be more potent than CRF itself in depressing food intake (8, 9) . The location of CRF 2 which putatively mediate the anorexic effects of CRF or related ligands has also not been resolved. Within the hypothalamus, mRNA for CRF 2 is present in both the paraventricular nucleus (PVN) and the VMH, and the latter nucleus contains far higher concentrations of CRF 2 -mRNA (10) . In addition, the VMH has been shown to be involved in satiety control as well as the integration of signals of the circadian rhythm, stress and food intake (11, 12) . However, CRF infusions into discrete hypothalamic nuclei have implicated the PVN as the site of the anorexic effects of CRF (13) . This study aimed to examine the effects of the physiological stressor of maternal deprivation, which includes NIH Public Access
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both fasting and hypothalamic-pituitary-adrenal axis (HPA) activation, on CRF 2 mRNA levels in the VMH, as means for studying the potential role of this receptor in modulating the homeostatic interactions of CRF/urocortin, food intake and stress.
Materials and Methods

Animals and tissue preparation
Timed-pregnancy Sprague-Dawley rats (Zivic-Miller, Zelienople, PA) were maintained in NIH-approved animal facilities on a 12-hour light/dark cycle with access to unlimited lab chow and water. Delivery was verified at 12-h intervals and the date of birth was considered day 0. Litters were culled to 12 pups and mixed among experimental groups. On the morning of postnatal day 8, littermates were separated into a maternally deprived group (n=7) and a non-deprived group (n=4) left undisturbed in their home cage for 24h. The maternally deprived pups were kept on a warm pad maintaining a euthermic core temperature (33-34°C), under a 12h light/dark cycle. Pups were weighed as a group before and after deprivation. On the morning of postnatal day 9, the non-deprived pups were weighed, and sacrificed within 3 minutes of their initial disturbance. For all pups trunk blood was collected for measurement of plasma corticosterone (CORT) levels and brains were rapidly dissected and frozen. Twenty micron coronal brain sections were cut, mounted on gelatin-coated slides and stored at −80°C. All experimental procedures were approved by the institutional animal care committee and conformed to NIH guidelines. Plasma CORT levels were analyzed using a commercial radioimmunoassay kit (ICN, Irvine, CA) as previously described (14).
Synthesis and preparation of the riboprobe
A plasmid containing the 461 base-pair fragment of CRF 2 cDNA (kindly provided by Dr. Lovenberg, Neurocrine Biosci., Inc.) was linearized with Hind III (5) . Radioactive antisense cRNA was synthesized by incorporating [α-35 S]-CTP (New England Nuclear, Boston, MA), using T3 RNA polymerase (30U, Promega, Madison, WI) according to manufacturer's instruction. After incubating at 37°C, 3U of RNase-free DNase (RQ1-DNase, Promega) was added for 15 minutes at 37°C. Integrity of each transcript was determined by acrylamide gel electrophoresis. The probe was subjected to alkaline hydrolysis and purified by column chromatography (Select-D[RF], 5 prime-3 prime, Boulder, CO). The specific activity of each probe was 1-3 ×10 6 cpm/mg. Probe specificity to CRF 2 -mRNA has been established (5) .
In situ hybridization histochemistry (ISH)
Sections were brought to room temperature, air dried and fixed in fresh 4% buffered paraformaldehyde for 20 minutes, followed by dehydration and rehydration through graded ethanols (15) . Subsequently, sections were exposed to 0.5% acetic anhydride in 0.1M triethanolamine (pH = 8) for 5 minutes and were dehydrated through graded ethanols. Sections were air dried and prehybridized for 1 hour at 55°C in a humidity chamber. Sections were hybridized overnight at 55°C with 1 × 10 6 cpm of 35 
Results and Discussion
Maternal deprivation for 24h resulted in a significant elevation of basal morning plasma CORT levels (P<0.0001) ( Fig. 1 ). This finding is consistent with the well documented stressful effects of maternal deprivation, as defined by activation of the neuroendocrine HPA (14, (16) (17) (18) . Looking at the mechanisms by which maternal deprivation provides a stressor, Stanton et al have shown that the HPA activation observed following maternal deprivation is related to both absence of maternal touch and food deprivation (18) . Since food deprivation by itself has also been shown to increase plasma CORT (19) , the observed maternaldeprivation induced plasma CORT elevation is likely a result of at least two discrete mechanisms. In the current study, 24h of maternal deprivation, associated with fasting, resulted in an average body weight loss of 5.7% in the deprived pups versus a 19% increase in non-deprived littermates. Therefore, in addition to the feeding-independent HPA activation, maternal deprivation also provided a stimulus for the physiological responses to fasting, including release of corticotropin secretagogues (20) . Stress-and fasting-induced HPA activation are considered to be mediated by separate mechanisms, involving input from the VMH in the case of food deprivation (12) . CRF 2 -mRNA expression in the VMH was markedly decreased in the maternally deprived pups (Fig. 2) . Quantitation of the relative abundance of VMH-CRF 2 -mRNA expression revealed a significant decrease (62%; p< 0.005) in the deprived rats as compared to controls. The results of this study thus provide evidence that physiological components of maternal deprivation, such as stress and starvation, down-regulate the levels of CRF 2 -mRNA in the VMH of infant rats. A number of mechanisms may be involved in this reduction of receptor levels after a complex manipulation such as maternal deprivation.
Decreased CRF 2 -mRNA in the VMH of maternally deprived rats may be due to ligandinduced receptor down-regulation as would be expected in the presence of enhanced CRF secretion (21) . Previous studies have documented reduced CRF levels in the median eminence (ME) following a 24h period of maternal deprivation, suggesting that CRF is indeed released into the circulation in response to the stress of maternal deprivation (22) . The possibility that CRF originating in the ME activates CRF 2 in the VMH requires an anatomical connection between these two regions. A vascular, venous connection between the ME and the VMH has been documented, which may transport CRF (23, 24) . Potentially, a stress-induced influx of CRF to the VMH from the ME may activate CRF 2 and result in a compensatory down-regulation of CRF 2 -mRNA expression. Teleologically, limiting the anorexic actions of CRF during a state of food-deprivation would be beneficial to the starving organism. A role for CRF in anorexia is suggested from studies demonstrating that central administration of CRF decreases food intake (2) and prevents weight gain in genetically obese rats (25) .
In addition to stress, the fasting associated with maternal deprivation may influence CRF secretion from the PVN and alter CRF levels at the site of the CRF 2 receptors in the VMH. The VMH has been shown to alter the secretory function of the PVN, Both direct and indirect neuronal connections (26) may permit the transmission of signals from the VMH to the CRF-secreting neurons in the PVN (27) . Thus, fasting would trigger signaling from the VMH to the PVN, inducing CRF secretion. Since CRF synthesis, measured by CRF-mRNA levels in the PVN are reduced or unchanged after food deprivation, enhanced CRF secretion would be expected to occur only within the first hours or days, as in this maternal deprivation paradigm, and not in conditions of chronic weight loss (20) . As discussed above, increased activation of VMH-CRF 2 by CRF may lead to down regulation of the expression of this receptor.
Alternatively, the fasting and loss of body weight associated with maternal deprivation may more directly regulate CRF 2 expression in the VMH, independent from activation of the receptor by its physiological ligand. A significant body of literature supports the role of the VMH in regulating food ingestion (28) . For example, VMH lesions increased food intake acutely and lead to obesity (12) . Food intake and the metabolic signals associated with eating may directly or indirectly regulate CRF 2 expression in the VMH. CRF 2 levels may be involved in the signaling mechanisms from the VMH to the PVN, to influence HPA activation (12, 27) . Furthermore, reduced receptor expression in a state of food-seeking may function to limit the ability of CRF (or related ligands) to activate CRF 2 and induce anorexia. In support of a down-regulation of CRF 2 -mRNA expression in states of increased food-seeking, Richard et al. have demonstrated, using a genetic model of obesity, that CRF 2 -mRNA levels in the VMH were ~ 40% lower in obese (fa/fa) vs. lean (fa/?) individuals fed ad libitum (29) . Although food-intake was not documented in that study, the marked obesity of the (fa/fa) rats (average weight of 237 gm vs. 175 gm in the controls) suggests increased consumption of food by these rats.
The discussion above assumes that the anorexic effects of CRF or the closely related ligand, urocortin, are mediated by the activation of CRF 2 . Strong support for this notion is provided by the marked anorexic effects of urocortin, a CRF-related peptide with much greater affinity for CRF 2 than that of CRF itself. (8, 11, 30) . Whether activation of CRF 2 in the PVN or in the VMH is required for anorexia has not been fully resolved. Immuno-targeting and ablation of CRF-containing cells in the PVN abolishes the anorexic effects of endogenous CRF, but the PVN may simply be the origin of the CRF which activates CRF 2 in the VMH (see above). Local injection studies have demonstrated that CRF infusion into the PVN results in significantly decreased food intake, but an equal amount of CRF injected into the VMH does not significantly decrease food intake (13) . However, the major receptor type in the VMH, CRF 2 has a much lower affinity for CRF than the major receptor type in the PVN, CRF 1 . Thus higher doses of CRF may be needed to cause anorexia via activation of CRF 2 in the VMH.
Of note, a recent report of the up-regulation of urocortin, a putative ligand of CRF 2 , by saltloading in adult rats (31) may be pertinent to the down-regulation of CRF 2 found in this study. Maternal deprivation may lead to some dehydration and increased osmolarity in separated pups. If the hyperosmolarity-induced elevation of urocortin occurs also in suckling rats, then the increased levels of this ligand may contribute to the down-regulation of CRF 2 mRNA.
In summary, 24h of maternal deprivation result in dramatic reduction of CRF 2 -mRNA levels in the VMH of the developing rat. The maternal deprivation paradigm provides a complex physiological and psychological stressor, as well as starvation. Synergistic interactions between elements of stress and of food-intake regulation may account for the marked reduction of CRF 2 -mRNA in the VMH, and this reduction is consistent with the involvement of CRF 2 in the interaction of food-intake regulation with the stress response of the developing rat. Elevation of basal plasma corticosterone (CORT) levels in maternally deprived 9 day old rats. 24h of maternal deprivation resulted in a significant increase (p<0.0001) in morning plasma CORT levels compared with non maternally deprived controls. Computer analyzed false color images showing CRF 2 -mRNA levels in the VMH of stressfree (control) and maternally deprived rats. Red and yellow colors represent maximum 35 S riboprobe density as shown in the scale. Semiquantitative analysis of CRF 2 -mRNA expression within the VMH of maternally deprived rats. Bars represent the mean CRF 2 -mRNA expression in the VMH of 9 day old rats maternally deprived for 24h or non-maternally deprived controls with error bars illustrating the standard error of the mean. A significant decrease in CRF 2 -mRNA abundance was observed as a consequence of maternal deprivation (p<0.005).
